Abstract: For many years, despite a rich coordination chemistry, gold (Au) was judged as being catalytically inactive for the formation of carbon-carbon bonds. In mid-1970, few reports demonstrated that Au salts could be very useful reagents to catalyze organic transformations. In recent years, homogeneous catalysis by Au has received considerable attention by the scientific community. It was shown that Au(I) or (III) catalysts are specific and more reactive than most of the other soft Lewis acids such as Hg(II), Cu(II), Pt(II), and Pd(II). Taking advantage of the affinity of cationic phosphine Au complexes to triple bonds, we conceived a Au(I)-catalyzed 6-endo-dig cyclization of cyclic enol ether to prepare bridged and fused bicyclic ketone. Keeping in mind that 5-exo-dig cyclizations can be a competitive process, we surveyed various Au(I) complexes.
INTRODUCTION
Cationic phosphino-Au(I) complexes are soft Lewis acids that selectively coordinate to π-system, notably alkynes, allenes, and alkenes. As a result, the Au-alkyne/alkene complexes 1 possess a lowerenergy lowest unoccupied molecular orbital (LUMO) to that of the corresponding uncoordinated π-system, thus, favoring the addition of a nucleophile to give intermediate 2 (Scheme 1). The latter is converted to the desired product 3 via protodeauration. To understand the activation of π-system with Various cationic phosphino-Au(I) catalysts and solvent were examined (Table 1) . Although alkyl and triphenylphosphine ligands gave the desired product 22 (entries 1-4), the reaction conversions were low. Fortunately, the use of bulky phosphines such as 2-bis(tert-butylphosphino)biphenyl (L1) in acetone afforded the desired 6-endo-dig product 22 in 90 % (entry 8). Next, the scope of the reaction was examined. The cyclization of 5-, 7,-and 8-membered-ring enol ethers 30a-c afforded the corresponding bridged bicycloalkenones (31a-c) in 85, 80, and 98 % yields, respectively (Scheme 5). The method proves to be tolerant substitution. The carbocyclization of substrates having tetrasubstituted enol ether and internal alkyne gave the desired ketones (31h-l) in high yield. The attractive aspect of this method relies on the ability to construct bicyclo[m.n.1]alkanones bearing quaternary carbon center. 
ONE-POT SYNTHESIS OF COMPLEX BICYCLE[3.3.1]NONENONES VIA A DIELS-ALDER CYCLOADDITION/Au(I)-CATALYZED CARBOCYCLIZATION
In the last 40 years, more than 100 polycyclic polyprenylated acetylphloroglucinols (PPAPs) have been isolated from Guttiferrea plants [11] . Several of these compounds, such as garsubellin A (32) and papuaforin A (33), display a wide range of biological activities (antioxidant, antibiotic, etc.) (Scheme 6). These comprise hyperforin (18) , the active ingredient responsible for antidepressant properties of St. John's wort extract [12] . The synthetic challenge created by the compact and densely substituted framework of PPAPs (34) combined with their promising therapeutic potential has captured the attention of several research groups [13] .
As described in the previous section, Au(I)-catalyzed carbocyclization of cyclic enol ether represents an attractive synthetic strategy to rapidly assemble the core of PPAPs. In the perspective of its application to the total synthesis of PPAPs, we imagined that the bicyclo [3.3.1] nonenone can be directly obtained through a one-pot intermolecular Diels-Alder reaction/Au(I)-catalyzed 6-endo-dig cyclization (Scheme 7) [14] . Cycloaddition between diene 34 and dienophile 35 provides cyclohexene 36, which in the presence of [L1AuNCMe]SbF 6 undergoes a 6-endo-dig cyclization to afford the bridgehead ketone 37.
To confirm the hypothesis, a solution of diene 38 and N-phenylmaleimide was heated in toluene at 150 °C using microwave irradiation. After stirring for 2 h (completed consumption of the diene 38), the solution containing 39 was cooled to room temperature and the Au(I) catalyst [L1AuNCMe]SbF 6 was added. The desired ketone 40 was isolated in 80 % yield (Scheme 8). The relative stereochemistry of 40 was secured by X-ray analysis. Next, we evaluated the scope of the reaction (Scheme 9). One-pot cycloaddition/Au(I)-cyclization of diene 41a and 41c heated with N-phenyl maleimide provided ketones 42a and 42c in 93 and 88 % yields, respectively. Maleic anhydride can be also utilized in the sequential reaction; however, the corresponding products 42b and 42d were isolated in lower yields. Prenylated and phenyl-substituted dienes 41e and 41f gave the desired ketones 42e-h in yields ranging from 48 to 81 %. Remarkably, the conversion of 41i (R 1 = CH 2 CH 2 OMOM) gave the hemiketal 42i in 56 % yield, suggesting that the methoxymethyl (MOM) ether group was hydrolyzed during the carbocyclization step. The use of dienes having internal alkynes did not affect the efficiency of the sequential reaction. Au(I)-catalyzed carbocyclization of aryl acetylene 41j-m afforded the desired bridgehead ketones 42j-m in 68 to 91 % yield. It is important to note that only one diastereomer was observed in all cases (dr >25:1).
The Au-catalyzed cyclization of silylenol ether 46 was investigated employing various phosphino Au complexes (Table 2) . At first glance, we noticed that Au(I)-catalyzed cyclization of 46 using triphenyl and triethyl phosphine ligands produced mainly ketone 49 and the exo-product 47 (entries 1-3). The cyclization using 2 mol % of [L1AuNCMe]SbF 6 suppressed the hydrolysis process and afforded a mixture of ketone 47 and 48 (64:36) in 86 % yield (entry 5). The replacement of the JohnPhos ligand L1 by bulkier biaryl phosphine ligands such as L2 and L3 favored the formation of the desired 6-endodig product 48 (entries 6 and 7). The use of other Buchwald ligands such as L4-8 did not increase the endo selectivity (entries 8-12). Having found the optimal conditions for the 6-endo-dig cyclization, we evaluated the scope the reaction using various internal alkynes (Table 3) . Cyclization of enol ethers 43a-c afforded bicyclic compound 45a-c bearing an angular methyl with 6-endo/5-exo ratios varying from 71:29 to 97:3 in 83-91 % yields (entries 1-3). It was found that the electronic density of the alkyne plays an important role in the reaction regioselectivity. The Au(I)-catalyzed cyclization of electron-rich alkynes 43f and 43g gave ketones 45f and 45g in 72 and 78 % yield, as the sole diastereomer (entries 6 and 7). A significant erosion of the regioselectivity was noticed with internal alkynes bearing electron-withdrawing groups (entries [8] [9] [10] . In the viewpoint of diterpene synthesis, cyclization of enyne was also investigated (entries [11] [12] [13] [14] [15] . In all cases, the 6-endo products were obtained as the major isomers. Remarkably, these results are in sharp contrast from those previously by Lee, especially entries 4 and 5 [15e] . Although steric interactions between the phosphine ligand and the substrate play an important in the regioselectivity, electronic factors should not be ignored. should be lower to that of TS-2 favoring the pathway 50 → 51 → 45 over 50 → 52 → 44. The ratios observed in Table 3 (entries [6] [7] [8] [9] [10] are in agreement with the proposed mechanism. The effect of σ-donating ligands on the regioselectivity of the reaction was evaluated. Remarkably, the cyclization of 46 using [IPrAuNCMe]SbF 6 produced the 5-exo-dig product 47 as the sole isomer (Scheme 12). Likewise, the conversion of tetrasubstituted enol ethers 43a and 43c gave mainly the 5-exo products 44a and 44c in 94 and 86 %, yields, respectively. Aryl alkynes 43h and 44i were transformed to 44h and 44i in 91 and 89 % yields along with double migration. Finally, enyne 43o was converted to diene 44o in 86 % yield. These results are in contrast with those depicted in Tables 2 and 3 , suggesting that the electronic density and steric environment of the alkyne are less contributing to the regioselectivity of the reaction. This study shows that divergent regioselectivities can be realized by modifying the bulkiness and the electronic properties of the ancillary ligand.
CONCLUSION
This review described the recent development in Au(I)-catalyzed carbocyclization for the synthesis of bridged and fused carbocycles. In the first section, we have developed a mild and efficient method to generate bicyclo[m.3.1]alkenones using bulky phosphino Au(I) complexes. The attractive feature of this method resides in ability to construct carbon bridged-medium rings of various sizes as well as the installment of quaternary carbon centers adjacent to the bridgehead ketone. This method was used in the development of an efficient and stereoselective one-pot [4 + 2]/Au(I)-catalyzed carbocyclization process for the construction of bicyclo [3.3.1] nonenones. In addition, the Au(I)-catalyzed cyclization proved to be tolerant towards sterically crowded environment. These frameworks are structural motifs found in numerous medicinally important PPAPs notably in hyperforin (18) and garsubellin A (32). In the last section, we reported that the Au(I)-catalyzed 6-endo-dig pathway is accessible and not limited to substrates possessing steric or electronic biases. The selective formation of 5-exo-and 6-endo-dig fused carbocycles from the same enol ether was achieved by modulating the steric and electronic properties of the Au(I) catalyst. The ancillary ligand can affect the pathway selectivity for the first bond formation rather than through a common intermediate created after an initial bond formation. Finally, these new methods prove to be efficient in the construction of synthetically useful motifs that are found in numerous natural products. The applications of these catalytic processes to the synthesis of natural diterpenes are currently underway and will be reported in due course.
